Context: The effect of thyrotropin (TSH) suppressive therapy on trabecular bone scores (TBSs) is unclear.
T he incidence of differentiated thyroid carcinoma (DTC) has increased by .4% every decade for the last 30 years, and it is now the most frequent endocrine cancer (1) . After the initial surgical treatment of DTC patients, thyrotropin (TSH) suppressive therapy using exogenous levothyroxine is recommended because of its inhibitory effect on the growth of any residual neoplastic tissue (1, 2) . However, there is growing concern about the potential harmful effects of long-term TSH suppression related to prolonged patient survival after the initial treatment of DTC (1) . In particular, it has been reported that exogenous subclinical thyrotoxicosis increased the risks of fracture and cardiovascular disease (1, (3) (4) (5) (6) . Therefore, the potential benefits and risks of TSH suppression should be considered carefully, and the 2015 American Thyroid Association management guideline (7) for DTC patients suggests less aggressive suppression of TSH than did the previous version.
Thyroid hormone regulates the initiation and duration of the bone remodeling cycle in the human skeleton (8, 9) . Thyroid dysfunction alters the bone remodeling process, and in particular, thyrotoxicosis increases bone turnover and results in uncoupling of bone resorption and formation (10) . Consequently, decreased bone mineral density (BMD) and an increased risk of fracture have been demonstrated in thyrotoxic patients (11) . Moreover, recent population studies have reported that subclinical thyrotoxicosis or even higher thyroid status within the reference range also can cause deterioration of BMD and are associated with a higher risk of fracture (4, (12) (13) (14) (15) (16) . However, there have been conflicting reports of the effect of exogenous TSH suppression on BMD in DTC patients (17) (18) (19) (20) (21) (22) (23) . Therefore, the effect of TSH suppressive therapy on other bone parameters that reflect bone microarchitecture or geometry has received attention.
Bone strength is determined by composite aspects of bone mass, measured by BMD, and bone quality (24) . One of the major parameters that reflects bone quality is bone microarchitecture (24) . The trabecular bone score (TBS), which is determined by quantifying pixel gray-level variations on lumbar spine dual-energy X-ray absorptiometry (DXA) scans, was recently suggested as a parameter representing trabecular bone microarchitecture (25) . Low TBS values indicate deteriorated trabecular bone microarchitecture and predict an increased vertebral fracture risk independently of lumbar spine BMD (25) . A previous study reported that higher free thyroxine (T4) levels within the normal reference range are associated with deterioration of vertebral TBSs in postmenopausal women (26) . However, the effect of TSH suppressive therapy on vertebral TBSs in DTC patients is still unclear. In this study, we conducted a retrospective cohort study including postmenopausal women with DTC who had received TSH suppressive therapy and evaluated the association between bone parameters, including BMD and TBSs, and the parameters of TSH suppressive therapy.
Methods

Subjects
Women aged $50 years at the time of DXA evaluation who were diagnosed with DTC or who had started follow-up of DTC at Seoul National University Bundang Hospital from June 2004 to May 2015 were eligible for the study. We included only postmenopausal women for the following reasons: (1) bone loss, especially in trabecular bone, is dramatically accelerated in the postmenopausal state, whereas bone turnover rate is suppressed by the higher level of estrogen present in the premenopausal state; (2) an impaired TBS is predominantly associated with osteoporotic fractures in postmenopausal women and older men, not in premenopausal women; and (3) the reference range for TBSs proposed by an international working group of TBS users applies only to postmenopausal women (27) . Three hundred and twenty eligible patients had maintained TSH suppressive therapy with levothyroxine after thyroidectomy with or without radioactive iodine therapy. Their evaluations by DXA, which can provide both BMD and TBS data were performed between January 2015 and June 2016, during their TSH suppressive therapy. Forty-seven subjects who had history of exposure to alfacalcidol, calcitriol, bisphosphonate, oral contraceptives, menopausal hormone therapy, selective estrogen-receptor modulators, diuretics, lithium, or corticosteroids were excluded, and the remaining 273 women were included in this study. All included subjects had recovered from postoperative hypoparathyroidism and had no persistent DTC or active secondary malignancies and no history of liver or renal diseases, prior hyperthyroidism, hyperor hypoparathyroidism (except transient postoperative hypoparathyroidism), malabsorption syndrome, or rheumatic disease. This study was conducted in accordance with the principles of the Declaration of Helsinki and was approved by the Institutional Review Board of the Seoul National University Bundang Hospital.
Treatment and follow-up
All patients with DTC underwent treatment according to the Korean Thyroid Association (KTA) guidelines (28) for the initial treatment and long-term management of DTC. The KTA guidelines recommend a similar degree of TSH suppression to the American Thyroid Association guidelines (2) based on the risk group stratification. According to the KTA, serum TSH levels ,0.1 mIU/L are recommended for patients with persistent disease; serum TSH levels of 0.1 to 0.5 mIU/L are recommended for patients free of disease, but who originally presented with high-risk disease; and a lower normal range (0.3 to 2.0 mIU/L) of serum TSH is recommended even for those patients at low risk of recurrence (28) .
Anthropometric and biochemical parameters
We measured the height and weight of subjects in light clothing and without shoes to the nearest 0.1 cm and 0.1 kg, respectively. Body mass index (BMI) was calculated by determining the ratio between weight and the square of the height (expressed in kilograms per square meter). Serum levels of creatinine, calcium (corrected for albumin binding), ionized calcium, and phosphate were measured by automated standard laboratory methods (Hitachi 747; Hitachi, Tokyo, Japan). Serum 25-hydroxyvitamin D concentrations were measured using Diels-Alder derivatization and ultrahigh performance liquid chromatography-tandem mass spectrometry (Quattro Premier XE; Waters, Milford, MA). Serum intact parathyroid hormone was analyzed using a chemiluminescence assay (LIAISON 
Assessment of vertebral BMD and TBSs
BMD was measured at the lumbar vertebrae (L1-4) using DXA equipment (Discovery W; Hologic, Inc., Bedford, MA) according to the manufacturer's protocol. The normative database of BMD was Asian population data provided by manufacturer. TBSs were further analyzed from lumbar spine DXA scans using iNsight software (version 2.1; Med-Imaps, Pessac, France) on the same regions of interest as those used for lumbar spine BMD (29) . The region of interest was automatically generated by the Hologic DXA system and adjusted by the technologist as necessary. The coefficient of variation of the TBSs and BMD calculated from 2 repeated measurements in 30 female subjects was 1.6% and 1.0%, respectively.
Data analysis
Values with normal distributions are expressed as mean 6 standard deviation, and values with non-normal distribution are expressed as median and interquartile range. The value of serum TSH concentration was log-transformed in the statistical analyses because of its non-normal distribution. Other parameters showed normal distributions. A Pearson correlation coefficient was used to estimate the relationships between bone parameters and other parameters. Linear regression analysis was used to estimate multiple correlations between lumbar spine TBSs and other factors. One-way analysis of variance (ANOVA) and analysis of covariance tests were used for the comparison of bone and other parameters according to the duration of TSH suppression. Tukey B post hoc analysis was used in the 1-way ANOVA. All statistical analyses were performed using IBM SPSS Statistics (version 22; IBM Corp., Armonk, NY). Data with P , 0.05 were considered significant, and Bonferroni correction was used in multiple statistical tests.
Results
Subject characteristics
The clinical and biochemical characteristics of the subjects are shown in Table 1 . The mean age of study subjects was 58.8 6 6.9 years, and the mean duration of TSH suppression before the DXA evaluation was 4.2 6 2.2 years. All subjects were on a stable dose of levothyroxine at the time of DXA evaluation (mean, 113. 
Correlation between bone and other clinical parameters
We evaluated the correlation between bone parameters, including lumbar spine BMD and TBSs, and other clinical parameters (Table 2 ). Age at the time of DXA evaluation was negatively correlated with both lumbar spine BMD and TBSs. BMI was positively correlated with lumbar spine BMD and negatively correlated with lumbar spine TBSs. The dose of levothyroxine was positively correlated with BMD, and average serum TSH levels during TSH suppression were negatively correlated with TBSs. The duration of TSH suppression was negatively correlated with lumbar spine TBSs, but not with BMD. The association between the dose of levothyroxine and BMD and the association between the duration of TSH suppression and TBSs were significant after Bonferroni correction for the multiple parameters of TSH suppression (7 tests), whereas the association between average serum TSH levels and TBSs was not significant after Bonferroni correction. Serum free T4 levels were not associated with BMD or TBSs. We performed multivariable analyses for the association between lumbar spine TBSs and the duration of TSH suppression. We adjusted for age and BMI, which were associated with lumbar spine TBSs in correlation analyses (Table 3 , model 1). We also adjusted for lumbar spine BMD to show that the association between lumbar spine TBSs and the duration of TSH suppression was independent from BMD (Table 3, model 2). Longer duration of TSH suppression was independently associated with lower lumbar spine TBSs after adjusting for age, BMI, and BMD (Table 3 ). This independent association was statistically significant after Bonferroni correction. The associations between bone parameters and the dose of levothyroxine or average serum TSH levels during TSH suppression were not maintained after adjusting for BMI or the duration of TSH suppression, respectively (data not shown).
Bone and other clinical parameters according to the duration of TSH suppression
We compared bone and other clinical parameters according to the duration of TSH suppression using ANOVA (Table 4) . Age, BMI, serum 25-hydroxyvitamin D, parathyroid hormone, and CTX did not differ with the duration of TSH suppression. Higher doses of levothyroxine, higher serum free T4 levels, and lower serum TSH levels were present in the subjects with shorter duration of TSH suppression. Lumbar spine TBSs decreased in the patients with longer duration of TSH suppression, whereas BMD did not significantly change with the duration of TSH suppression (Fig. 1) . Post hoc analysis in ANOVA showed that lumbar spine TBSs differed between the patients whose duration of TSH suppression was $5 years and ,3 years. Lumbar spine TBSs were significantly lower in patients whose duration of TSH suppression was $5 years compared with those whose duration was ,3 years, after adjusting for age, BMI, and BMD (1.296 6 0.078 vs 1.335 6 0.092, respectively; P = 0.032).
Discussion
In this study, postmenopausal women with DTC receiving TSH suppressive therapy showed lower vertebral TBSs with increasing duration of TSH suppression, whereas no relevant deterioration of BMD was observed. This study demonstrates the effect of TSH suppressive therapy on the trabecular bone microarchitecture measured by the TBSs and shows an independent association between vertebral TBSs and the duration of TSH suppressive therapy in DTC patients. One previous crosssectional study reported that high to normal free T4 levels were negatively correlated with lumbar spine TBSs after adjusting for age, BMI, and BMD (26), and this association was consistent with previous reports of the skeletal toxicity of excessive thyroid hormone (30) . However, our data showed that serum free T4 levels were not associated with lumbar spine TBSs; of the parameters of TSH suppressive therapy, only the duration of TSH suppression was independently associated with lumbar spine TBSs. This discrepant result can be explained by the different distribution of thyroid hormone levels in patients receiving TSH suppressive therapy compared with the general population. The dose of levothyroxine is adjusted to obtain the ideal target TSH levels in each patient; therefore, serum free T4 levels are adjusted to upper normal levels in most patients. In our study participants, the 95% confidence interval for mean free T4 levels at DXA evaluation was 1.62 to 1.67 ng/dL (average free T4 levels, 1.73 to 1.79 ng/dL), and this narrow distribution of free T4 levels might have been the cause of the lack of association between serum free T4 levels and lumbar spine TBSs. Generally, the initial dose of levothyroxine after surgery is determined by the patient's body weight and is adjusted to suppress adequately the serum TSH concentration. As the duration of follow-up increases, the potency of TSH suppression can be reduced after considering the risk stratification for disease recurrence. Because most DTC patients have a good prognosis, the dose of levothyroxine decreases and the serum TSH concentration increases with increasing duration of TSH suppression, as was the case for our study subjects. Therefore, in the clinical setting of long-term TSH suppressive therapy, only the duration of TSH suppression, which was not affected by other parameters, showed an independent association with vertebral TBSs. This clinical aspect of TSH suppressive therapy could also Log-transformed variables were used in statistical analyses. The dependent variable was TBS (L1-4). Age, BMI, and duration of TSH suppression were included as independent variables in statistical models 1 and 2. BMD (L1-4) was included as an independent variable in model 2. All parameters were measured at DXA evaluation. explain the positive correlation between the dose of levothyroxine and lumbar spine BMD (Table 2 ). In our data, BMI was highly correlated both with the dose of levothyroxine (dose at DXA evaluation, r = 0.296, P , 0.001; average dose, r = 0.316, P , 0.001) and lumbar spine BMD (r = 0.260, P , 0.001), and the association between BMD and the dose of levothyroxine disappeared after adjusting for BMI (data not shown). Therefore, a positive correlation between BMI and the dose of levothyroxine might have resulted in the unexpected positive correlation between the dose of levothyroxine and lumbar spine BMD in the univariate correlation analyses. The negative correlation between average serum TSH levels and lumbar spine TBSs (Table 2 ) could also be explained by the positive correlation between average serum TSH levels and the duration of TSH suppression (log-transformed average TSH levels, r = 0.202, P = 0.001). The association between serum TSH levels and TBSs also disappeared after adjusting for the duration of TSH suppression (data not shown).
A noteworthy result of this study is the difference between the association of lumbar BMD and TBSs with the duration of TSH suppression. Only TBSs, not BMD, decreased with increasing duration of TSH suppression. The skeletal toxicity of excessive thyroid hormone is well established. Triiodothyronine is an important regulator of osteoblast differentiation and increases bone turnover through stimulating osteoclasts (30) . In addition, it has been proposed that TSH has direct effects via the TSH receptor found on osteoblast and osteoclast precursors and potential protective effects on bone by enhancing osteoblast differentiation while suppressing osteoclast differentiation (31-34). Moreover, TSH predominantly affects trabecular bone microarchitecture (32) . Considering these effects of thyroid hormones and TSH on bone, TSH suppression using excessive levothyroxine in DTC patients might result in bone loss (35) . However, there have been conflicting reports of the effect of exogenous TSH suppressive therapy on BMD in DTC patients (17) (18) (19) (20) (21) (22) (23) . Our data showing reduced lumbar spine TBSs and unaltered BMD with long-term TSH suppression suggest that the TBS is a more sensitive parameter than BMD to assess vertebral bone strength in DTC patients receiving TSH suppressive therapy. As previously mentioned, long-term TSH suppressive therapy in DTC patients causes clinically controlled and modifiable iatrogenic subclinical thyrotoxicosis. Although this controlled long-term subclinical thyrotoxicosis did not significantly reduce vertebral BMD, increased bone turnover caused by excessive thyroid hormone and reduced TSH might result in an alteration in vertebral trabecular bone microarchitecture occurring before substantial bone loss.
This study has some important clinical implications. Currently, available guidelines for long-term treatment of DTC after initial treatment suggest no ideal or maximal duration of TSH suppressive therapy. Our data demonstrating reduced lumbar spine TBSs in DTC patients whose duration of TSH suppression was $5 years have added to the clinical evidence for estimating potential benefits and risks of long-term TSH suppressive therapy in DTC patients. Considering that $1.350 is proposed as the value of the TBS for normal microarchitecture (27) , our data showing a mean TBS of 1.296 in the patients whose duration of TSH suppression was $5 years suggests that long-term TSH suppression degrades vertebral bone microarchitecture. press.endocrine.org/journal/jcem
The potential limitations of this study include the absence of control subjects. The ideal controls with which to compare bone parameters for our study subjects are agematched subjects who have maintained levothyroxine replacement without TSH suppression after thyroidectomy because of benign disease. However, we could not secure enough TBSs and BMD data for such subjects, and only the analyses in DTC patients were available. Thus, although this study showed that longer duration of TSH suppression independently altered vertebral TBSs without changing BMD in postmenopausal DTC patients, our findings cannot determine that this alteration of vertebral TBSs was entirely because of TSH suppression: it could be the result of the thyroidectomy and the use of levothyroxine. In addition, menopausal bone loss also could contribute to our results because we did not assess accurate menopausal durations in each study subject. However, CTX, the bone turnover marker, at DXA evaluation was not correlated with age (r = 0.05, P = 0.445) but with free T4 (r = 0.281, P , 0.001) and TSH (r = 20.305, P , 0.001) in our data. These results postulate that bone turnover is affected by TSH suppression rather than menopausal effects in this study population. Another limitation is the lack of data on fragility fractures during TSH suppressive therapy. We assessed lateral spine X-rays to evaluate vertebral fractures, but the rate of vertebral fractures in the study subjects was too low (,10%) to give sufficient power to investigate the association between lumbar spine TBSs and vertebral fractures. Moreover, we could not confirm that the fractures had occurred during TSH suppression after thyroidectomy because we obtained the lateral X-rays only once, at the time of DXA evaluation.
In conclusion, longer duration of TSH suppression in postmenopausal DTC patients was associated with decreased vertebral bone strength by altering TBSs rather than BMD. This deteriorative effect on vertebral TBSs was observed in the patients whose duration of TSH suppression was $5 years, despite their unaltered BMD. Our results suggest that long-term TSH suppression may result in the alteration of trabecular bone microarchitecture in postmenopausal DTC patients. TBSs should be considered when estimating the potential risk of vertebral bone fragility in postmenopausal DTC patients receiving long-term TSH suppressive therapy.
